Background {#Sec1}
==========

GlycA is a NMR spectrometry-derived novel biomarker that reflects protein glycosylation. Although it potentially reflects N-acetylglucosamine residues on any circulating plasma protein, it has been shown that GlycA signal majorly reflects glycosylation of acute-phase proteins, particularly of α1-acid glycoprotein, haptoglobin, α1-antitrypsin, α1-antichymotrypsin, and transferrin \[[@CR1]\]. Important changes both in the concentration of acute-phase reaction proteins as well as in their glycosylation pattern are known to occur in response to an inflammatory stimuli, being therefore important determinants of the GlycA signal. For that reason, GlycA is currently being studied as a new marker of systemic inflammation.

Recent studies have shown that GlycA is related to the risk of severe infection \[[@CR2], [@CR3]\], as well as to disease activity in lupus \[[@CR4]\] and rheumathoid arthritis \[[@CR5], [@CR6]\]. In addition, GlycA has also a role in metabolic diseases and cardiovascular events and mortality. In prospective studies, GlycA has been related to overall, cardiovascular and cancer-related mortality \[[@CR7]--[@CR10]\]. It has also been related to the risk of incident diabetes \[[@CR11]\], to insulin resistance, leptin/adiponectin \[[@CR12]\] and to sodium excretion \[[@CR13]\]. All the above mentioned associations of GlycA have been shown to be independent of C reactive protein (CRP), even though the use of the two biomarkers may provide additive prognostic information, at least for cardiovascular events \[[@CR9]\].

Chronic kidney disease (CKD), as defined by reduced estimated glomerular filtration rate (eGFR) and/or the presence of albuminuria, is associated with low-grade inflammation, which was described as an important mechanism underlying CKD progression. However, studies evaluating the role of inflammatory biomarkers on CKD, including hsCRP, have yielded conflicting results \[[@CR14]--[@CR18]\]. Up to the present, GlycA has not been evaluated in the context of CKD. The aim of this study was to investigate the association of GlycA to albuminuria and eGFR in a Brazilian cohort of middle-aged men and women.

Methods {#Sec2}
=======

The data used for the present investigation come from the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil), a multicenter prospective cohort study designed primarily to identify risk factors and the natural history of diabetes and cardiovascular disease. The design and preliminary findings of this study have been published elsewhere \[[@CR19], [@CR20]\]. Briefly, 15,105 civil servants aged 35 to 74 years from six cities in Brazil were enrolled between August 2008 and December 2010 for baseline examination. Approvals from institutional review boards of all centers were granted, and all individuals signed informed consent. Since GlycA was measured only in the Sao Paulo sample, for the current analysis only data on the 5050 Sao Paulo participants was used.

Interviews and examinations were carried out by trained personnel with strict quality control \[[@CR21]\]. Trained nurses measured patients' weight, height, waist, and hip circumferences. Body mass index (BMI) was calculated by dividing the patients' weight in kilograms by height in meters squared. Blood pressure was measured with the validated Omron HEM 705CPINT oscillometric device (Omron Co, Kyoto, Japan) after a 5-minute rest with the patient in a sitting position in a quiet, temperature-controlled room (20--24 °C). Three measurements were taken at 1-min intervals and the mean of these measurements was calculated. Baseline laboratorial measurements \[[@CR22]\] were done after an overnight fast (urine and blood) and biological fluids were collected and frozen \[[@CR23]\]. An oral glucose tolerance test (75 g) was performed in non-diabetic participants \[[@CR22]\].

Diabetes was defined as previous medical history of diabetes, use of medication to treat diabetes, fasting plasma glucose ≥ 126 mg/dl, 2-h plasma glucose ≥200 mg/dl, or HbA1C ≥ 6.5% Glomerular filtration rate was calculated using the equations from the Chronic Kidney Disease Epidemiology Collaboration without correction for race \[[@CR24]\]. Albuminuria was measured via nephelometry in a 12 h--overnight sample, and categories of albuminuria were defined according to KDIGO: albuminuria A1 as albumin-to-creatinine ratio \< 30 μg/mg, albuminuria A2 as ≥ 30 μg/mg creatinine and albuminuria A3 as ≥ 300 mg/g creatinine. GlycA was measured by NMR spectrometry (*NMR LipoProfile*® test spectra, LabCorp, Raleigh, NC^1^) in plasma of the 5050 Sao Paulo participants.

In the descriptive analyses, Jonckheere-Terpstra test for ordered alternatives and chi-square test were used to test differences among quartiles of GlycA for continuous and categorical variables, respectively. Uni and multivariate linear regression models were built using albumin-to-creatinine ratio (log-transformed) and eGFR as the dependent variables. For the logistic regression models, the dependent variable was defined as albuminuria A2 or A3, eGFR \< 60 ml/min/1.73m^2^ or both (albuminuria A2 or A3 and/or eGFR \< 60 ml/min/1.73m^2^). Lastly, ROC curves were built on the diagnosis of albuminuria (albuminuria A2 or A3) and of eGFR \< 60 ml/min/1.73m^2^ and the performances of hsCRP and GlycA were compared using c statistics (<http://www.vassarstats.net/>).

Results {#Sec3}
=======

Among the 5050 participants, GlycA had a mean value of 416 ± 67 μmol/L (Fig. [1](#Fig1){ref-type="fig"}). In Table [1](#Tab1){ref-type="table"}, descriptive clinical and laboratorial characteristics are shown according to the quartiles of GlycA. GlycA was positively related to several variables, including age, female sex, smoking, BMI, diabetes and insulin resistance biomarkers, blood pressure, albuminuria, hsCRP and lipids. It was also inversely related to alcohol consumption, eGFR and HDL-cholesterol. Figure [1](#Fig1){ref-type="fig"} also shows the scatter plot between albuminuria and GlycA.Fig. 1Histogram of GlycA and scatterplot between GlycA and albuminuria among 5050 participants Table 1Baseline clinical and laboratorial characteristics among 5050 participants according to quartiles of GlycAQuartile 1 GlycA ≤368 n=1262Quartile 2 GlycA ≥369 - ≤410 n=1259Quartile 3 GlycA ≥411 - ≤456 n=1266Quartile 4 GlycA ≥457 n=1263p\*\*Age (years; mean/std)5295195195290.09Sex (male; n / %)7020.566020.485480.434720.37\< 0.001Smoking status\< 0.001 Never (n/%)7520.606720.536650.535740.45 Former (n/%)3830.303900.313740.304190.33 Current (n/%)1270.101970.162270.182700.21Alcohol\< 0.001 Never (n/%)1200.101300.101640.131890.15 Former (n/%)2420.192240.182680.212880.23 Current (n/%)8990.719040.728340.667860.62Diabetes mellitus (n/%)1730.142150.172630.214010.32\< 0.001Self-reported myocardial infarction (n/%)200.02210.02170.01380.030.01Self-reported CVD (n/%)730.06750.06590.051080.090.001Self-reported stroke (n/%)150.01140.0180.01250.020.02Body-mass index (kg/m^2^; mean/std)25.54.326.94.327.94.629.35.5\< 0.001Waist-to-hip ratio (mean/std).87.09.89.09.90.08.91.09\< 0.001Systolic blood pressure (mmHg; mean/std)116.415.1119.216.8120.416.0123.317.7\< 0.001Diastolic blood pressure (mmHg; mean/std)72.410.274.610.975.910.277.911.1\< 0.001Leptin (ng/mL)9.645.4--16.612.236.2--21.414.437.0--26.815.198.7--28.2\< 0.001Hemoglobin (g/dL; mean/std)14.51.414.41.414.31.314.11.4\< 0.001Hematocrit (%; mean/std)43.23.943.04.042.83.742.24.0\< 0.001Glucose (mg/dL; mean/std)10618109251122812043\< 0.001Glucose among non-diabetics (mg/dL; mean/std)1028103910481058\< 0.001HbA1C (%; mean/std)5.20.75.40.95.50.95.81.3\< 0.001Postload glucose 2 h (among non-diabetic, mg/dL; mean/std)12436129391374214551\< 0.001HOMA index\* (median/IQR)1.30.65--2.231.60.90--2.642.01.14--3.242.41.42--3.87\< 0.001HOMA index among non-diabetics (median/IQR)1.130.61--1.891.460.83--2431.691.06--2.812.041.27--3.10\< 0.001Total cholesterol (mg/dL; mean/std)20540209392164122145\< 0.001Triglycerides (mg/dL; median/IQR)108731236314285179146\< 0.001HDL-cholesterol (mg/dL; mean/std)5915571455135313\< 0.001LDL-cholesterol (mg/dL; mean/std)12432128331333513436\< 0.001Uric acid (mg/dL; mean/std)5.41.45.61.55.71.55.91.6\< 0.001Aspartate Transaminase (AST) (U/L; mean/std)2512261226172510\< 0.001Alanine Transaminase (ALT) (U/L; mean/std)27182919292628150.01Gamma-Glutamyl Transferase (U/L, mean/std)3134353940544871\< 0.001Liver right lobe (post_ant diameter) (cm; mean/std)10311105121051110612\< 0.001Potassio - Sangue (mEq/L)4.50.34.60.44.60.34.60.4\< 0.001Albumine-to-Creatinine ratio (μg/mg; median/IQR)65--875--875--875--9\< 0.001Estimated GFR CKD-EPI (ml/min/1.73 m^2^; mean/std)83.114.382.915.283.015.381,.517.40.12hs-C Reactive Protein (mg/L; mean/std)1.01.21.81.92.83.06.07.3\< 0.001^\*^excluding insulin-users^\*\*^Jonckheere-Terpstra or chi-square tests

In Table [2](#Tab2){ref-type="table"}, the linear regression models for albuminuria and eGFR as the dependent variables are shown. In the univariable model (model 1), GlycA shows a significantly positive relation to albuminuria and an inverse association to eGFR. In the subsequent models, the significant relation remains even after adjustments for potential confounding variables. In the last model (model 5), it is shown that the association of GlycA to albuminuria is independent of eGFR and vice-versa.Table 2Unadjusted and adjusted linear regression models on albuminuria and eGFR among 5050 participants of ELSA-BrasilB^\*^95%CI B^\*^*p* valueAlbuminuria (log) Model 1: univariable GlycA.05.04.06\< 0.0001 Model 2: sex and age adjusted GlycA.04.03.05\< 0.0001 Model 3: sex, age, HbAlc, SBP and BMI adjusted GlycA.03.02.04\< 0.0001 Model 4: sex, age, HbA1c, SBP, BMI, smoking, alcohol, LDL, HDL and hsCRP GlycA.03.02.04\< 0.0001 Model 5: same model 4 + CKDEPI eGFR GlycA.03.02.04\< 0.0001CKD-EPI eGFR Model 1: univariable GlycA-.79-1.22-.37.0003 Model 2: sex and age adjusted GlycA-.81-1.19-.43\< 0.0001 Model 3: sex, age, HbA1c, SBP and BMI adjusted GlycA-.36-.75.04.08 Model 4: sex, age, HbA1c, SBP, BMI, smoking, alcohol, LDL, HDL and hsCRP GlycA-.60-1.05-.15.01 Model 5: same model 4 + albuminuria GlycA-.53-.99-.07.02^\*^per 1sd increase of GlycA

In Table [3](#Tab3){ref-type="table"}, uni and multivariate models on the diagnosis of albuminuria (albuminuria A2 or A3 versus A1), low eGFR (\< 60 ml/min/1.73m^2^ versus \> 60 ml/min/1.73m^2^) and both (albuminuria A2 or A3 and/or eGFR \< 60 ml/min/1.73m^2^) are shown. In these models, GlycA remains significantly and independently related to albuminuria and/or eGFR.Table 3Unadjusted and adjusted logistic regression models on the diagnosis of albuminuria A2 or A3 (versus albuminuria A1), on eGFR \< 60 ml/min/1.73m^2^ (versus eGFR \> 60 ml/min/1.73m^2^) and on both (albuminuria or eGFR \< 60 ml/min/1.73m^2^) among 5050 participantsOR95%CI OR*p* valueAlbuminuria A2 or A3 *n* = 248 (versus albuminuria A1 *n* = 4590) Per 1 sd increase Model 1: univariable GlycA1.601.491.72\< 0.0001 Model 2: sex and age adjusted GlycA1.641.521.76\< 0.0001 Model 3: sex, age, HbAlc, SBP and BMI adjusted GlycA1.431.301.56\< 0.0001 Model 4: sex, age, HbA1c, SBP, BMI, smoking, alcohol, LDL, HDL and hsCRP GlycA1.461.311.61\< 0.0001 Model 5: same model 4 + CKDEPI eGFR GlycA1.421.271.57\< 0.0001CKD EPI eGFR \< 60 ml/min/1.73 m ^2^ *n* = 321 (versus \> 60 ml/min/1.73 m2 *n* = 4519) Per 1 sd increase Model 1: univariable GlycA1.301.191.41\< 0.0001 Model 2: sex and age adjusted GlycA1.331.221.45\< 0.0001 Model 3: sex, age, HbA1c, SBP and BMI adjusted GlycA1.241.121.36\< 0.0001 Model 4: sex, age, HbA1c, SBP, BMI, smoking, alcohol, LDL, HDL and hsCRP GlycA1.321.181.46\< 0.0001 Model 5: same model 4 + albuminuria GlycA1.261.121.41.0003Albuminuria and/or CKD-EPI eGFR \< 60 ml/min/1.73 m ^2^ (*n* = 518 vs. 4433) Per 1 sd increase Model 1: univariable GlycA1.381.361.45\< 0.0001 Model 2: sex and age adjusted GlycA1.451.361.54\< 0.0001 Model 3: sex, age, HbA1c, SBP and BMI adjusted GlycA1.281.191.38\< 0.0001 Model 4: sex, age, HbA1c, SBP, BMI, smoking, alcohol, LDL, HDL and hsCRP GlycA1.351.231.46\< 0.0001

Lastly, Fig. [2](#Fig2){ref-type="fig"} depicts the ROC curves for the diagnosis of albuminuria (albuminuria A2 or A3), for the diagnosis of eGFR \< 60 ml/min/1.73m^2^ and for both. GlycA showed a nearly significant higher area under curve in comparison to hsCRP for albuminuria and for the combined diagnosis of albuminuria eGFR \< 60 ml/min/1.73m^2^ (c statistics *p* value of 0.06 and 0.08, respectively), but not for eGFR \< 60 ml/min/1.73m^2^ alone (c statistics p value of 0.16).Fig. 2ROC curves on the diagnosis of albuminuria (**a**), eGFR \<60 ml/min/1.73m^2^ (**b**) and both (**c**) for GlycA and hs-CRP among 5050 participants (*p* value for C statistics)

Discussion {#Sec4}
==========

The results of the present study demonstrate that GlycA was significantly and independently related to albuminuria and eGFR in a population of middle-aged men and women. Importantly, this relationship was independent of hsCRP, suggesting that measuring glycosylation could provide additional information to the most widely used inflammatory biomarker. These results are in accordance with previous findings in the literature, which showed that GlycA is related to inflammatory diseases, insulin resistance and DM incidence, cardiovascular disease, and mortality.

The current results have two major implications. First, it hints that GlycA might contribute to CKD assessment and for identification of those at higher risk of CKD progression. Prospective studies are necessary to confirm this hypothesis by evaluating the performance of GlycA to predict renal outcomes. These studies should also evaluate if this new biomarker improves prediction of events in comparison to models using the current established markers of CKD progression.

Secondly, it raises questions on the role of glycosylation on CKD. Protein glycosylation refers to the enzyme-mediated posttranslational process of attachment of glycan chains. It is said to be an N-linkage when the glycan chain is attached to the nitrogen of an asparagine residue or to be O-linkage when the glycan is attached to the oxygen of a serine or threonine residue. While O-linkage glycosylation is more prominent intracellularly and is related to protein signaling and trafficking within the cell, N-linkage is the predominant pattern of glycosylation that occurs in circulating plasma proteins, through the action of glycosyltransferases, glycosidases, and syaliltransferases \[[@CR25]\]. Glycosylation patterns are wide, depending on the substrate, enzymes, and monosaccharides available and number of branches being added. Glycosylation is known to alter protein function and is involved in several biological functions such as protein trafficking, protein signaling, ligand-receptor recognition, immunity and distinction between self and non-self and inflammation. For example, glycosylation seems to be important in enhancing adhesion molecules signaling in endothelial cells and marginalization and infiltration of leukocytes through the capillary wall \[[@CR26]\]. Glycosylation is a determinant of immunoglobulin function and activation of the complement system \[[@CR27]--[@CR30]\]. Altering glycosylation might be a pathway cancer cells use to escape immunity and avoid apoptosis \[[@CR31], [@CR32]\].

While the determinants of glycosylation are not fully understood, research on the area is expanding, with a growing interest in glycomics. However, particularly in Nephrology, studies on glycosylation are incipient. Specific abnormal glycosylation patterns are being investigated in auto-immune and inflammatory diseases such as IgA nephropathy \[[@CR33], [@CR34]\] and multiple myeloma \[[@CR35]\]. In the context of general CKD, data on glycosylation is scarce. One recent study showed that 14 traits of IgG glycosylation were related to renal function in CKD patients and in monozygotic twin pairs discordant for renal function \[[@CR36]\]. These analyses were centered in patterns of IgG glycosylation.

As stated before, GlycA reflects increased glycosylation in acute-phase reactant proteins, more specifically of α1-acid glycoprotein, haptoglobin, α1-antitrypsin, α1-antichymotrypsin, and transferrin. Acute-phase reaction is a systemic response to several conditions such as infection, trauma, surgery, immunological and inflammatory diseases. It is mediated by several cytokines, with a particular emphasis on interleukin-6 as a major stimulator. It occurs in acute and chronic inflammation and involves several phenomena such as neuroendocrine, hematopoietic, metabolic changes and hepatic changes \[[@CR37]\]. The liver increases the production of several proteins, such as CRP, amyloid-A,α1-acid glycoprotein, haptoglobin, complement fractions, mannose-binding lectin, coagulation factors, among others (positive acute-phase proteins), while decreasing the concentration of proteins such as albumin, transthyretin and thyroxine-binding globulin (negative acute-phase proteins). In addition to the increase in the positive acute-phase protein concentration, it has been shown that the liver also modifies post-translational processing of these proteins, with an increase in the glycosylation, mediated by cytokines and glucocorticoid \[[@CR38], [@CR39]\]. Studies suggest that both the change in the concentration of acute-phase proteins, as the pattern of glycosylation of these proteins might influence the inflammatory and immune-modulatory functions attributable to these proteins \[[@CR40]--[@CR42]\], promoting and intensifying the inflammatory response. Whether the relation between GlycA and eGFR and albuminuria is being mediated by the acute-phase response itself or by the increased glycosylation in the acute-phase response is a question that remains to be answered since in the current analysis these two conditions were inseparable.

A better understanding of determinants and patterns of glycosylation, as a more deep comprehension of how and to what extent glycosylation impacts the biological functions of glycoproteins on chronic inflammatory conditions such as CKD is a promising and needed area of research. Particularly of interest, the association between GlycA and albuminuria, the best "dynamic" marker of CKD risk we have so far, suggests that abnormal glycosilation may be an underlying mechanism mediating inflammation in CKD. This hypothesis leads to questions whether glycosylation could play a role not only in mediating the effect of traditional risk factors for CKD, such as diabetes, insulin resistance, and hypertension, but also be involved in inflammation signaling in primary and secondary glomerulonephritis, diseases where immunological insults are pivotal.

Our study has some limitations. First and most importantly, it is a cross-sectional analysis, and the role of GlycA regarding renal hard outcomes remains to be determined. In addition, the population recruited is essentially a non-CKD population. In order to confirm and better understand the role of GlycA in CKD, the present findings need to be confirmed in other studies, with an emphasis in those addressing CKD incidence and progression. Furthermore, we could not perform other techniques of measuring glycosylation, something that would be interesting to explore and adjust in relation to the GlycA signal.

Conclusion {#Sec5}
==========

In conclusion, the results from this cross-sectional study showed that GlycA is significantly and independently associated with albuminuria and eGFR. These findings support further exploration of the role of glycosylation in CKD progression and risk assessment.

AUC

:   Area under curve

BMI

:   Body-mass index

CKD

:   Chronic kidney disease

CKD-EPI

:   Chronic Kidney Disease Epidemiology Collaboration

eGFR

:   Estimated glomerular filtration rate

HbA1c

:   Glycated hemoglobin

HDL

:   High-density lipoprotein

hsCRP

:   High-sensitivity C reactive protein

LDL

:   Low-density lipoprotein

NMR

:   Nuclear mass resonance

ROC

:   Receiver operating characteristic curve

SBP

:   Systolic blood pressure

The authors thank the ELSA-Brasil participants who agreed to collaborate in this study. The authors also thank the ELSA-Brasil research team for their contributions. The authors thank Dr. James Otvos for his support and comments.

Funding {#FPar1}
=======

The ELSA-Brasil baseline study was supported by the Brazilian Ministry of Health (Science and Technology Department) and the Brazilian Ministry of Science and Technology (Financiadora de Estudos e Projetos and CNPq National Research Council; grants 01 06 0010.00 RS, 01 06 0212.00 BA, 01 06 0300.00 ES, 01 06 0278.00 MG, 01 06 0115.00 SP, 01 06 0071.00RJ).

Dr. Titan is recipient of a fellowship from the Sao Paulo State Agency for Research \[2015--25329-0\], São Paulo, Brazil. Drs. Barreto, Pecoits-Filho, Bensenor and Lotufo are recipients of an award for established researchers from Conselho Nacional de Pesquisa, CNPq, Brasília, Brazil. LabCorp, Raleigh, NC performed "pro-bono" the GlycA analysis. No sponsors interfered in any process of this manuscript.

Availability of data and materials {#FPar2}
==================================

The datasets used and/or analysed during the current study available from the corresponding author on reasonable request.

ST: statistical analysis, manuscript writing. RP: manuscript writing. SB: data collection, manuscript writing. AAL: data collection, manuscript writing; IB: data collection, manuscript writing; PL: data collection, statistical analysis, manuscript writing. All authors read and approved the final manuscript.

Ethics approval and consent to participate {#FPar3}
==========================================

Approvals from institutional review boards (Cappesq -- Hospital das Clínicas, Sao Paulo University and Ethics in Research Committee - Universitary Hospital, Sao Paulo University) were granted. All individuals signed informed consent.

Consent for publication {#FPar4}
=======================

N/A

Competing interests {#FPar5}
===================

Dr. Lotufo received horonaria from Abbot-Brazil, AbbVie-Brazil and Amgen for lectures.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
